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EXECUTIVE  SUMMARY 


A diversion  from  the  Red  Deer  River  to  raise  the  water  level  in  Buffalo  Lake  began  in  spring 
1996  and  has  continued  through  2002.  Diversions  are  expected  to  continue  each  summer  until 
the  water  level  reaches  the  target  elevation.  Pre-project  water  quality  studies  suggested  that  algal 
populations  could  increase  in  Buffalo  Lake,  because  the  lake’s  salinity  would  be  reduced  by 
dilution  from  diversion  water.  As  well,  the  diversion  represents  an  enhanced  nutrient  load, 
which  could  also  increase  algal  growth  in  the  lake.  Thus,  there  is  potential  for  the  degradation  of 
water  quality  in  the  lake  with  the  diversion  in  place,  and  water  quality  monitoring  has  been 
conducted  in  all  post-diversion  years  through  2002.  The  purpose  of  this  report  is  to  update  water 
quality  data  obtained  from  sites  in  Alix  Lake  and  in  Buffalo  Lake  during  the  summers  following 
the  previous  water  quality  update  (Mitchell,  1999). 

Since  1997,  annual  diversion  volumes  have  ranged  from  6.8  million  m3  (2001)  to  15.4  million  m3 
(2000).  The  annual  natural  surface  inflow  (March  - October)  was  more  than  twice  the  diversion 
volume  in  1997  and  1999,  but  less  than  or  near  diversion  volume  in  1998,  2000,  and  2001, 
because  runoff  volumes  were  lower  in  these  years. 

Since  the  diversion  start-up,  water  quality  in  Alix  Lake  has  generally  been  similar  to  that  of  Red 
Deer  River  water.  Some  uptake  and  loss  of  nutrients  does  occur  through  the  diversion  route  to 
Alix  Lake,  as  well  as  the  addition  of  some  major  ions  such  as  sodium.  Nonetheless,  it  appears 
that  the  diversion  has  had  a positive  effect  on  Alix  Lake  water  quality  from  a recreational 
standpoint,  as  prior  to  the  diversion,  the  lake  was  eutrophic  but  has  remained  generally 
mesotrophic  through  the  post-diversion  years.  This  is  likely  to  continue,  contingent  on  the 
maintenance  of  water  quality  in  the  Red  Deer  River. 

In  Buffalo  Lake,  Parlby  Bay  has  shown  a general  improvement  in  water  quality.  The  enhanced 
flushing  from  the  diversion  has  generally  reduced  salinity,  as  well  as  phosphorus  and 
chlorophyll  a (chi  a)  concentrations  in  the  bay.  However,  in  years  of  high  run-off  (e.g.,  1999  - 
2000),  average  phosphorus  and  chi  a concentrations  were  higher  than  in  some  pre-diversion 
years.  Macrophyte  populations  have  not  been  evaluated. 

In  the  main  lake,  general  trends  in  conductivity  are  similar  between  Main  and  Secondary  Bays, 
though  are  more  variable  in  Secondary  Bay.  Lake  level  and  inflow  volume  have  a greater 
influence  on  salinity  in  Secondary  Bay  than  in  Main  Bay.  Overall,  it  is  evident  that  the  salinity 
of  the  lake  has  increased  over  the  long  term;  for  a given  lake  level,  conductivity  is  higher  during 
post-diversion  years  than  in  pre-diversion  years. 

Although  dilute  relative  to  lake  waters,  the  diversion  represents  an  increase  in  ion  mass  loading 
to  Buffalo  Lake.  Groundwater  input  may  account  for  a much  larger  fraction  of  the  ionic  load 
(e.g.,  Na,  SO4,  and  Cl),  although  estimates  suggest  that  groundwater  alone  cannot  account  for  the 
mass  loading  of  ions  to  the  lake.  Other  local  sources  include  runoff  and  wind-induced  mixing. 
Some  major  ions  (Ca,  Mg,  and  HCO3)  show  a net  summer  loss  in  the  lake.  The  most  notable  of 
these  is  calcium,  which  is  probably  removed  via  precipitation  to  bottom  sediments.  Other  ions, 
notably  Na,  SO4,  and  Cl,  display  a net  summer  increase  substantially  in  excess  of  the  diversion 
load. 
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Evaporation  of  lake  waters  is  a major  process  influencing  the  mass  and  balance  of  major  ions. 
Given  current  conditions  (i.e.,  no  surface  outflow  from  the  lake),  it  is  likely  that  precipitation  of 
Ca  (and  increasingly,  Mg)  will  continue,  and  that  major  ions  such  as  Na,  SO4  and  Cl  will  become 
progressively  more  concentrated  in  the  lake.  Hence,  salinity  will  increase  over  the  long  term. 

Average  total  phosphorus  concentrations  in  Secondary  and  Main  Bay  were  higher  in  the  initial 
diversion  years  than  in  previous  years  sampled.  Subsequent  values  fell  generally  within  the 
historical  range,  as  did  chi  a values,  though  mean  annual  chi  a displayed  a steady  decline  in 
Secondary  Bay  from  1997  through  2002.  Post-diversion  increases  in  salinity  have  not  typically 
produced  a concomitant  decrease  in  chi  a concentrations  Overall,  algal  growth  (as  chi  a)  appears 
to  respond  more  to  phosphorus  concentration  than  to  salinity. 

Nutrient  loading  from  the  diversion  has  not  measurably  affected  water  quality  in  Main  Bay, 
because  the  diversion  load  is  very  small  compared  with  the  nutrient  mass  in  the  lake.  Moreover, 
diversion  water  (mixed  with  runoff)  passes  first  through  Parlby  and  Secondary  Bays  before 
entering  Main  Bay;  hence,  nutrient  concentrations  are  attenuated  by  dilution,  uptake,  and  loss. 
For  example,  in  a given  year,  the  amount  of  total  phosphorus  contributed  by  the  diversion  is  only 
about  3%  of  the  phosphorus  mass  in  Main  Bay. 

The  average  amount  of  phosphorus  contributed  by  the  watershed  greatly  exceeds  estimated 
contributions  from  other  sources,  and  was  > 60%  of  the  average  total  phosphorus  load  to  the  lake 
for  post-diversion  years.  Similarly,  the  diversion  and  internal  loads  (sediments  and/or 
groundwater)  are  estimated  to  be  < 5%  and  25%,  respectively,  of  the  total  load  to  Buffalo  Lake. 
Note  that  there  is  considerable  variability  in  these  estimates. 

Earlier  studies  have  predicted  that  algal  growth  in  Buffalo  Lake  could  be  moderated  by  changes 
in  salinity.  However,  in  post-diversion  years,  no  consistent  relationship  is  apparent  between 
salinity  and  chi  a measurements.  Overall,  algal  growth  (as  chi  a)  appears  to  respond  to 
phosphorus  concentrations  rather  than  to  salinity,  although  limitations  on  algal  growth  could 
become  more  apparent  as  salinity  in  the  lake  continues  to  increase. 
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1.0 


INTRODUCTION 


A water  management  project  to  designed  stabilize  Buffalo  Lake  levels  by  diverting  water  from 
the  Red  Deer  River  began  in  1985.  The  objectives  were  to:  1)  stabilize  Buffalo  Lake  levels,  2) 
provide  a reliable  water  supply  for  the  Village  of  Mirror,  3)  improve  agriculture  through 
backtlooding,  and  4)  enhance  fish  and  wildlife  habitat  (Carson-McCulloch  and  Golder,  1997). 
The  diversion  of  Red  Deer  River  water  to  Buffalo  Lake  began  in  the  spring  of  1996.  To  monitor 
potential  impacts,  an  intensive  water  quality  monitoring  program  was  conducted  along  the 
diversion  and  within  the  two  lakes  affected  by  the  diversion  (Alix  Lake  and  Buffalo  Lake).  The 
monitoring  continued  from  1997  through  2002,  although  fewer  sites  were  sampled  in  1998  and 
following  years. 

The  monitoring  program  focused  mainly  on  temporal  and  spatial  changes  in  nutrient 
concentrations  and  salinity  in  the  diversion  water  between  the  Red  Deer  River  and  Buffalo  Lake, 
and  in  the  lake  itself.  The  potential  for  increased  aquatic  plant  growth  (especially  algae)  in 
Buffalo  Lake  was  a concern,  should  the  addition  of  Red  Deer  River  water  lower  the  salinity  of 
the  lake.  Although  an  Environmental  Impact  Assessment  predicted  this  was  unlikely 
(Environmental  Management  Associates  1990),  two  other  studies  on  the  lake  indicated  some 
potential  for  higher  algal  populations  to  occur  (Noton  1984;  Brassard  and  Trimbee  1989).  Other 
concerns  included  changes  in  levels  of  nutrients,  metals,  bacteria,  turbidity,  suspended  solids  and 
winter  dissolved  oxygen. 

The  purpose  of  this  report  is  to  assess  the  impact  of  the  diversion,  and  to  update  water  quality 
information  collected  since  the  last  report,  completed  in  1999  (Mitchell,  1999).  As  noted  above, 
the  diversion  and  lake  monitoring  program  was  scaled  back  after  1 997  and  involved  fewer 
monitoring  sites  (see  Section  2).  As  well,  results  from  the  1997  sampling  program  indicated  no 
significant  loading  of  trace  metals  via  the  diversion.  Partly  because  of  this,  the  number  of  water 
quality  constituents  (parameters)  analysed  in  subsequent  years  was  reduced  to  nutrients,  major 
ions/elements,  and  “routine”  variables  such  as  TDS  (total  dissolved  solids),  TSS  (total  suspended 
solids),  pH,  hardness,  alkalinity,  and  carbonate  species. 

Comparing  data  for  nutrients  and  ions  collected  from  1997  to  2002  with  those  from  years  prior  to 
the  diversion,  this  report  addresses  the  following  specific  questions: 

• Has  the  diversion  inflow  decreased  the  salinity  in  Buffalo  Lake? 

• What  is  the  contribution  of  phosphorus  to  the  lake  from  the  diversion? 

• Has  water  quality  in  Alix  Lake  stabilized  in  the  post-diversion  years? 

• Is  there  any  change  in  the  amount  of  algae  in  Buffalo  Lake  in  recent  years  ( 1 999- 
2002)  compared  with  previous  years? 

As  in  previous  update  reports,  this  report  is  organized  by  water  quality  components  such  as 
salinity,  nutrients,  etc.  Within  these  sections  water  quality  is  discussed  at  sites  along  the 
direction  of  flow,  first  along  the  diversion  route,  including  Alix  Lake,  and  then  in  Buffalo  Lake. 
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2.0 


METHODS 


2.1  Sampling  Sites  and  Frequency 

In  1996-97,  samples  were  collected  from  several  locations  along  the  diversion  to  document 
whether  water  quality  was  affected  by  mixing  of  diversion  water  with  existing  water  in  the 
conveyance  channel  (e.g.,  Parlby  Creek;  Mitchell,  1999).  Fewer  sites  were  sampled  in 
subsequent  years,  as  shown  in  Table  1. 

Table  1 Sites  sampled  during  the  Buffalo  Lake  diversion  period  (June  through  October) 
1996  through  2002 


Site 

1996 

1997 

1998 

1999 

2000 

2001 

2001 

Red  Deer  R.  at  Pumphouse 

X 

X 

X 

Inflow  to  Alix  Lake 

X 

X 

Alix  Lake 

X 

X 

X 

X 

X 

X 

X 

Alix  Lake  Outflow 

X 

X 

Parlby  Creek  at  Alix  Gauge 

X 

X 

Parlby  Creek  at  Mirror 

X 

X 

X 

X 

Buffalo  Lake  Parlby  Bay 

X 

X 

X 

X 

X 

X 

X 

Buffalo  Lake  Secondary  Bay 

X 

X 

X 

X 

X 

X 

X 

Buffalo  Lake  Main  Bay 

X 

X 

X 

X 

X 

X 

X 

Buffalo  Lake  Bashaw  Bay 

X 

Outlet  Pond 

X 

Sampling  sites  for  all  years  from  1996  through  2002  are  shown  in  Figure  la;  a summary  of  each 
site  follows: 

1 . Red  Deer  River  Pumphouse.  Water  was  collected  from  the  short  channel  leading  to 
the  pumphouse.  In  1996,  a comparison  of  data  from  samples  collected 
simultaneously  from  the  river  and  the  channel  indicated  very  little  difference  in  water 
quality. 

2.  Alix  Lake  Inflow.  The  water  at  this  point  has  passed  along  about  eight  kilometres  of 
pipeline,  channel  and  two  small  ponds.  In  1996  - 97,  samples  were  collected  at  a 
road-crossing  culvert  immediately  upstream  of  where  the  diversion  flow  enters  Alix 
Lake.  The  purpose  of  this  site  is  to  assess  the  quality  of  the  water  entering  Alix  Lake. 

3.  Alix  Lake.  A small  lake  (area  0.5 1 km2,  depth  about  3 m)  at  the  town  of  Alix,  used 
for  recreation.  There  were  concerns  about  the  diversion’s  impact  on  recreational 
water  quality,  since  the  diversion  flushes  through  the  lake.  This  site  has  been 
sampled  since  1996  on  approximately  a monthly  basis,  from  May  (or  June)  through 
October. 

4.  Alix  Lake  Outflow.  Samples  were  collected  in  1996  - 97  at  the  outlet  of  the  lake, 
downstream  of  the  control  structure  and  gate  used  to  trap  debris.  This  site  is  located 
above  the  point  where  diversion  water  joins  Parlby  Creek. 
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Figure  la  AENV  water  quality  sampling  sites  on  the  Parlby  Creek  - Buffalo  Lake  Water  Management  System:  1996-2002 


Figure  lb  Bathymetry  and  shoreline  features  of  Buffalo  Lake 


5.  Parlbv  Creek  at  Alix.  Samples  were  collected  in  1997  - 98  at  the  federal  flow  gauge 
upstream  of  where  Alix  Lake  outflow  joins  Parlby  Creek. 

6.  Parlbv  Creek  at  Mirror.  This  is  the  site  of  the  provincial  flow  gauge  on  Parlby  Creek, 
located  near  Highway  21  north  of  Mirror.  At  this  point,  the  diversion  has  passed 
through  Spotted  Lake,  and  includes  natural  flow  from  Parlby  Creek.  Water  from  this 
site  should  be  fairly  representative  of  that  entering  Buffalo  Lake  (Parlby  Bay), 
although  spring  backflooding  between  the  sampling  site  and  the  lake  may  cause  some 
alteration  in  water  quality.  This  site  was  sampled  in  1996  - 98,  and  in  May  2002. 

7.  Parlbv  Bay.  This  small,  marshy  bay  receives  the  diversion  flow  into  the  lake.  It  is 
connected  to  Buffalo  Lake  by  a channel,  called  the  Narrows.  Parlby  Bay  was 
sampled  approximately  monthly  during  the  diversion  season  from  1996  through  2002. 

8.  Secondary  Bay.  The  western,  shallow  portion  of  Buffalo  Lake.  Its  major  inflow 
comes  via  Parlby  Bay.  The  bay  has  been  sampled  approximately  monthly  during  the 
diversion  season  from  1996  through  2002. 

9.  Main  Bay.  The  largest  and  deepest  basin  in  Buffalo  Lake;  it  has  also  been  sampled 
approximately  monthly  in  the  diversion  season  from  1996  through  2002. 

2.2  Field  Methods 

Field  methods  followed  the  standard  water  quality  procedures  of  Alberta  Environment  (AENV, 
2002).  Replicate  and  field  blank  samples  were  collected  periodically  for  analytical  quality 
assurance.  Sites  along  the  diversion  route  were  sampled  by  filling  bottles  directly  in  the  main 
portion  of  the  flow,  or  by  using  a sampling  bottle.  On  each  sampling  day,  Buffalo  Lake  (Main 
Bay,  Secondary  Bay  and  Parlby  Bay)  and  Alix  Lake  (Figure  la)  were  sampled  by  lowering  a 
plastic  tube  from  the  surface  down  through  the  euphotic  zone  (zone  of  light  penetration,  as 
measured  by  an  underwater  light  meter).  These  samples  were  collected  from  several  locations 
within  each  lake  area  and  combined  into  one  sample  for  the  basin.  In  the  deepest  area  of  each 
basin,  dissolved  oxygen,  temperature,  conductivity  and  pH  were  measured  at  one-metre  intervals 
from  the  surface  to  the  bottom  (depth  profiles),  using  Hydrolab™  equipment.  Transparency  was 
measured  using  a Secchi  disk.  Replicate  and  field  blank  samples  were  collected  and  analysed 
periodically  to  ensure  quality  control. 

2.3  Water  Quality  Variables 

Variables  measured  at  all  sites  included  conductivity,  pH,  temperature,  dissolved  oxygen,  major 
elements  & ions,  alkalinity,  hardness,  total  dissolved  solids  (TDS),  total  suspended  solids  (TSS), 
silica,  phosphorus  (total  and  dissolved),  nitrogen  fractions  (NO2-NO3,  ammonia,  NH3,  and  total 
kjeldahl  nitrogen;  TKN),  and  total  organic  carbon  (TOC).  Transparency,  light  penetration  and 
chi  a were  measured  at  all  lake  sites.  In  addition,  monthly  depth  profiles  were  conducted  in  each 
major  lake  basin  during  each  summer  season  through  200 1 . Late  winter  depth  profiling  was 
done  on  March  1,  2000. 

In  May  2002,  a sample  was  collected  from  Parlby  Creek  at  Mirror  (Site  6)  for  the  discreet 
parameters  listed  above,  as  well  as  for  fecal  coliform  bacteria  and  E.  coli,  a specific  intestinal 
fecal  coliform  bacterium. 
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2.4 


Hydrology 


Flow  volume  was  measured  at  the  pumphouse,  and  continuous  discharge  was  recorded  at  the 
provincial  gauging  station  on  Parlby  Creek  near  Mirror  (Station  5CD902)  and  the  federal 
gauging  station  on  Parlby  Creek  at  Alix  (Station  5CD007). 

A weekly  water  balance  for  Buffalo  Lake  was  completed  based  on  a detailed  mass  balance  of  the 
Buffalo  Lake  system  (accounting  for  evaporation),  which  extended  from  1984  to  1997  (Douglas 
1998).  Watershed  runoff  for  the  1998  through  2002  seasons  was  calculated  by  estimating  the 
monthly  basin  yield  for  the  Parlby  Creek  basin  (excluding  the  flow  volume  from  the  diversion). 
This  was  extrapolated  to  the  remainder  of  the  Buffalo  Lake  watershed  using  the  same  proportion 
of  Parlby  basin  runoff  to  total  basin  runoff  as  Douglas  (1998)  used  for  pre-1998  data. 

Water  volumes  for  Main  and  Secondary  bays  were  based  on  an  area-capacity  curve  in  W-E-R 
Engineering  (1990)  and  water  level-capacity  relationships  in  Douglas  (1998).  The  water  volume 
for  Parlby  Bay  was  estimated  from  surface  area  and  approximate  depth,  using  the  assumption 
that  lake  volume  increases  proportionately  to  increases  in  water  level. 

2.5  Data  Analysis 

To  compare  the  total  mass  of  various  substances  in  the  lake  for  each  year  sampled, 
concentrations  of  constituents  measured  in  September  were  multiplied  by  the  total  water  volumes 
in  Parlby  Bay,  Secondary  Bay  and  Main  Bay.  Daily  measured  flows  are  available  for  Parlby 
Creek  at  Mirror  and  Parlby  Creek  at  Alix.  However,  water  quality  data  was  generally  not 
collected  for  Parlby  Creek  in  the  years  subsequent  to  1998.  Hence,  mass  loads  from  the 
diversion  for  these  years  were  calculated  based  on  scaled  data  for  Alix  Lake. 

Phosphorus  loads  for  Secondary  Bay  and  Main  Bay  were  calculated  from  the  mass  increase  of 
phosphorus  in  each  bay  over  the  summer  using  a simple  mass  balance  equation,  e.g.: 


Internal  Load  - Change  in  mass  in  bay  - Inputs  to  bay  + Loss  from  bay 


The  change  in  mass  was  estimated  from  the  amount  of  phosphorus  in  the  lake  when  the 
concentration  is  typically  lowest  (June)  and  when  the  concentration  is  highest  (September).  The 
phosphorus  entering  the  bay  over  this  period  was  then  subtracted.  The  contribution  from  Parlby 
Bay  was  estimated  with  the  flow  volume  from  Parlby  Creek  at  Mirror,  and  Parlby  Bay  total 
phosphorus  concentrations  during  the  time  period.  Similarly,  the  contribution  to  Main  Bay  from 
Secondary  Bay  was  estimated  with  the  same  inflow  volume  and  Secondary  Bay  phosphorus 
concentrations.  The  loss  from  Secondary  Bay  was  included  in  the  equation  for  that  bay,  but  it 
was  assumed  there  would  be  minimal  advective  loss  from  Main  Bay.  Contributions  from  sewage 
and  from  (or  to)  groundwater  were  not  specifically  accounted  for;  i.e.,  these  were  included  in  the 
internal  loading  estimate. 

Data  from  euphotic  composite  samples  were  used  to  represent  the  concentrations  of  variables 
used  in  the  mass  balance  calculation.  Although  water  below  the  euphotic  zone  may  at  times  be 
more  concentrated  in  some  variables  (e.g.,  P and  N),  most  of  the  water  mass  in  these  basins  is 
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within  the  euphotic  zone.  Hence,  the  use  of  euphotic  composite  data  is  not  thought  to  introduce 
significant  error  in  the  mass  balance  calculations. 


3.0 


RESULTS  OF  THE  1999  - 2002  MONITORING  PROGRAM 


Historically,  the  primary  focus  of  water  quality  monitoring  programs  on  Buffalo  and  Alix  lakes 
has  been  the  assessment  of  concentrations  of  plant  nutrients  such  as  phosphorus.  Phosphorus 
concentration  is  directly  related  to  the  potential  for  aquatic  plant  growth,  specifically  shoreline 
vegetation  (macrophytes)  and  suspended  algae  (phytoplankton).  An  increase  in  the  capacity  of 
the  lake  to  produce  plants  could  lead  to  nuisance  algal  blooms,  decreased  levels  of  dissolved 
oxygen  in  winter,  the  threat  of  fish  kills,  higher  turbidity,  and  a general  decline  in  recreational 
water  quality.  A lake  characteristic  related  to  this  is  salinity,  as  high  salinity  has  been  linked 
with  suppressed  algal  growth  in  prairie  lakes  (e.g.,  Bierhuizen  and  Prepas  1985).  Salinity  is 
indicated  by  measurements  of  conductivity  or  total  dissolved  solids.  Also  included  in  the 
monitoring  program  was  an  assessment  of  the  dissolved  oxygen  concentrations  in  Buffalo  Lake. 

3.1  Inflow  Volumes  and  Lake  Level 

Pumping  at  the  Red  Deer  River  diversion  typically  commences  in  May  or  June  and  runs  through 
October.  Total  flow  volumes  over  this  period  are  shown  in  Table  2. 

The  volume  of  Alix  Lake  is  small  relative  to  the  total  amount  of  diversion  water  entering  it.  As  a 
result,  it  is  frequently  flushed  during  the  diversion  period.  Based  on  diversion  period  volumes, 
the  lake  has  flushed,  on  average,  about  1 6 times  in  a given  year  (ranging  from  about  nine  times 
in  2001  to  19  times  in  2000). 

Table  2 Buffalo  Lake  pumphouse  - water  volumes  (m3)  for  1997  to  2002 


Month 

1997 

1998 

1999 

2000 

2001 

2002 

May 

- 

- 

2,291,800 

2,750,200 

- 

277,900 

June 

2,203,244 

1,847,400 

3,358,800 

1,683,800 

682,500 

2,444,000 

July 

2,340,868 

1,305,100 

415,200 

971,600 

824,800 

3,221,700 

August 

3,184,087 

3,490,800 

667,500 

2,962,800 

734,400 

3,398,500 

September 

2,868,863 

3,735,500 

3,086,800 

3,412,500 

2,276,000 

3,166,900 

October 

3,335,608 

84,100 

3,318,200 

3,575,000 

2,265,700 

2,877,100 

Total 

Diversion 

13,932,670 

10,462,900 

13,138,300 

15,355,900 

6,783,400 

15,386,100 

Parlby  Bay,  with  a somewhat  smaller  water  volume,  has  flushed  more  frequently  during  the 
diversion  period.  However,  in  Secondary  Bay  the  inflow  volume  during  the  diversion  period 
ranged  from  about  19%  (in  2001)  to  62%  (in  1999)  (average  of  39%)  of  the  bay  volume,  which 
indicates  that  it  is  not  completely  flushed  in  one  diversion  season.  This  water  renewal  rate  is 
fairly  rapid  compared  with  most  central  Alberta  lakes  (Mitchell  and  Prepas,  1990).  In  Main  Bay, 
the  volume  of  water  assumed  to  have  entered  from  the  diversion  and  from  natural  runoff  in 
Parlby  Creek  ranged  from  about  3%  (in  2001)  to  1 1%  (in  1 999)  (average  of  7 %)  of  the  bay 
volume  during  the  diversion  months.  Including  the  additional  water  supplied  by  the  diversion, 
the  water  renewal  time  for  Buffalo  Lake  is  estimated  to  be  approximately  1 1 years.  Without  the 
diversion,  this  would  increase  to  about  24  years  (Mitchell,  1999). 
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Because  the  water  level  has  remained  below  the  outlet  sill,  water  leaves  the  lake  primarily  by 
evaporation.  Groundwater  outflow  has  been  suggested,  based  on  discrepancies  between 
measured  and  predicted  lake  salinity.  However,  there  are  no  known  areas  of  groundwater 
seepage  from  the  lake  (Envir.  Mgt.  Assoc.,  1990).  Since  the  greatest  inflow  is  on  the  west  end  of 
the  lake,  water  likely  passes  from  Parlby  Bay  to  Secondary  Bay  to  Main  Bay  during  periods  of 
high  inflow.  During  1999  and  2000,  the  water  level  of  Buffalo  Lake  was  notably  high  compared 
with  other  years  (Figure  2),  due  only  in  part  to  the  diversion.  As  illustrated  in  Figure  3,  local 
runoff  contributes  a substantial  volume  of  water  relative  to  the  diversion.  For  example,  between 
March  and  October  of  1997,  the  diversion  contributed  14  million  m3  (Mm3)  whereas  local  runoff 
contributed  42  Mm3  of  water  to  the  lake  (Douglas,  1998),  three  times  the  diversion  volume. 
Similarly,  in  1999  local  runoff  contributed  over  four  times  the  diversion  volume  to  the  lake. 
However,  in  1998  and  2001  the  volume  of  annual  natural  runoff  (8.8  and  6.1  Mm3,  respectively) 
was  lower  than  the  diversion  volume  (10.5  and  6.8  Mm3,  respectively). 

The  maximum  mean  monthly  lake  elevation  achieved  during  1997  through  2002  was  780.78  m, 
in  June  2000.  The  post-diversion  target  elevation  is  780.85  meters'.  Based  on  the  area  of  the 
lake  in  summer  1997  (103  Mm  ),  if  all  of  the  diversion  water  for  that  year  (14  Mm  ) were  added 
to  Buffalo  Lake  at  once,  the  increase  in  lake  level  would  be  about  0. 135  m.  This  implies  that  a 
threshold  input  flow  volume  may  exist  such  that  lake  levels  would  be  sustained  or  increased,  as 
apparent  in  the  lake  levels  sustained  through  2000  (i.e.,  net  loss  of  water  is  balanced  by  inflow 
volume).  However,  losses  through  the  system  and  evaporation,  which  vary  seasonally  and 
annually,  act  to  reduce  diversion  contributions  to  lake  volume. 

3.2  Salinity  and  Major  Ions 

All  water  quality  data  for  the  study  period  are  listed  in  Appendix  A.  The  salinity  of  water  is 
indicated  by  total  dissolved  solids  (TDS)  concentration  and  by  electrical  conductivity.  Eight 
major  ions  typically  contribute  to  the  salinity  of  Alberta  surface  waters:  calcium,  magnesium, 
potassium,  sodium,  chloride,  bicarbonate,  carbonate  and  sulphate.  Dominant  ions  in  Buffalo 
Lake  include  sodium,  sulphate,  and  bicarbonate. 

3.2. 1 Diversion  Route  and  Parlby  Creek 

The  water  chemistry  of  the  Red  Deer  River  diversion  and  Parlby  Creek  at  Mirror  was  evaluated 
in  previous  reports  (e.g.,  Mitchell,  1999).  In  the  initial  diversion  years,  water  from  the  Red  Deer 
River  increased  in  TDS  as  it  mixed  with  water  in  ponds,  Alix  Lake,  Parlby  Creek,  and  Spotted 
Lake,  prior  to  entering  Buffalo  Lake.  However,  slight  decreases  in  some  constituents  such  as 
hardness,  conductivity,  sodium,  sulphate  in  Parlby  Creek  were  noted  in  samples  collected  in 
1997  relative  to  1996.  This  indicated  that  water  quality  in  Parlby  Creek  at  Mirror  more  closely 
resembled  that  of  the  Red  Deer  River  as  lakes  and  ponds  along  the  diversion  route  were  flushed 


1 Note  that  there  has  been  no  surface  outflow  from  Buffalo  Lake  since  1929  (Mitchell  and  Prepas,  1990). 
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(A)  Buffalo  Lake  level  near  Erskine  (05CD005),  1965-2002 


l®A9|  ess  SAoqe  w)  NOI1VA313  3W1 


wuj)  NOI±V±ldl03*dd 


Figure  2a  Lake  levels  in  Buffalo  Lake  near  Erskine  (05CD005)  and  annual  precipitation  (near  Mirror),  1965  - 2002 


Figure  2b  Lake  levels  in  Buffalo  Lake  near  Erskine  (05CD005)  and  annual  precipitation  (near  Mirror),  1995  - 2002 
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(B)  Buffalo  Lake  level  near  Erskine  (05CD005),  1995-2002 


□ Diversion  inflow 

■ Total  annual  'natural'  inflow 

□ Ratio  of  annual  natural  inflow  to 
diversion  volume 
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Figure  3 Estimated  inflows  to  Buffalo  Lake,  1996  to  2002 


with  diversion  water.  Note,  however,  that  concentrations  of  several  constituents  in  the  Red  Deer 
River  also  declined  somewhat  over  this  period. 

Based  on  mass  load  calculations  (i.e.,  quantity  of  a substance  over  time),  Mitchell  (1999) 
determined  that  constituent  contributions  along  the  diversion  route  were  declining,  even  though 
mass  loads  from  the  Red  Deer  River  had  increased  with  higher  diversion  flow  volumes. 
Moreover,  no  substantial  additions  or  losses  of  water  or  major  ions  were  apparent  through  the 
diversion  system,  probably  due  to  flushing  with  low-salinity  water.  Hence,  in  the  initial 
diversion  years,  there  appeared  to  be  some  flushing  out  of  salinity  (from  existing  sloughs  and 
perhaps  salty/alkali  land)  through  the  diversion  route.  Over  time,  this  phenomenon  seemed  to 
diminish  as  the  salts  were  flushed  out,  and  the  diversion  system  came  to  more  closely  resemble 
the  Red  Deer  River  in  water  quality.  Some  minor  discrepancies  are  apparent  in  the  mass  balance 
between  Parlby  Creek  at  Mirror  and  Red  Deer  River  - Alix  Lake,  which  could  be  due  to  the 
timing  of  sample  collection,  data  averaging,  and  annual  variability  in  run-off  loads  (e.g.,  higher 
TDS  loading  in  wet  years  than  in  dry  years).  On  average,  the  concentrations  of  major  ions  in 
Alix  Lake  from  1 997  through  2002  were  similar  to  those  in  Red  Deer  River  water.  However, 
increases  in  some  ions  are  apparent  through  the  diversion  system  in  the  post-diversion  years.  For 
example,  sodium  (Na),  potassium  (K),  and  chloride  (Cl)  display  average  annual  concentrations  in 
Alix  Lake  of  up  to  1 .5  times  that  of  Red  Deer  River  water  (Table  3). 
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Ratio  of  Natural  Inflow  to  Diversion  Volume 


Note  that  the  2002  sample  collected  from  Parlby  Creek  at  Mirror  (May  29)  represents  water 
quality  in  Parlby  Creek  during  the  commencement  of  pumping,  and  was  similar  to  spring  water 
quality  samples  collected  in  prior  years  at  that  site.  This  may  reflect  remnant  winter  conditions, 
which  are  typically  higher  in  conductivity  and  ion  concentrations  relative  to  samples  collected 
during  active  diversion  periods. 

3.2.2  Buffalo  Lake 

Water  chemistry  data  for  sites  in  Buffalo  Lake  from  1997  through  2002  are  shown  in  Table  4. 
Concentrations  of  TDS,  conductivity,  and  other  chemical  constituents  have  generally  decreased 
in  Parlby  Bay  since  1995,  except  calcium  concentrations,  which  were  episodically  higher  in 
some  post-diversion  years  (e.g.,  ’97,  ’99,  and  ’00),  than  in  1995  before  the  diversion  began.  In 
1998,  concentrations  of  routine  chemical  variables  were  still  somewhat  higher  in  Parlby  Bay  than 
in  Parlby  Creek  at  Mirror.  Chemical  processes  in  bottom  sediments,  carbonate  equilibria,  and 
evaporative  losses  of  water  may  act  to  maintain  these  higher  levels. 

A long-term  representation  of  salinity  in  Main  and  Secondary  bays  is  presented  in  Figure  4, 
which  shows  median  conductivity  for  all  years  for  which  there  are  data.  In  both  Main  and 
Secondary  Bays,  conductivity  in  the  years  following  the  diversion  is  within  the  historical  range. 
Over  the  longer-term,  general  trends  in  conductivity  are  similar  between  Main  and  Secondary 
Bays,  though  Secondary  Bay  displays  considerable  year-to-year  variability.  That  variability  may 
reflect  its  proximity  to  the  main  inflow.  Note  that  conductivity  declined  in  Secondary  Bay 
between  1995  and  1996,  though  a continuing  decline  was  not  apparent  in  the  ensuing  years.  This 
transitory  decline  is  in  accord  with  predictions  that  conductivity  would  decrease  by  15  to  20% 
during  the  initial  years  of  the  project,  but  would  continue  to  become  more  saline  over  the  long 
term  (Goudey  et  al,  1990).  In  Main  Bay,  annual  differences  are  attenuated,  as  would  be 
expected  with  the  small  inflow  volume  relative  to  the  volume  of  the  bay.  Hence,  in  any  given 
year,  lake  level  and  inflow  volume  have  a greater  influence  on  salinity  in  Secondary  Bay  than  in 
the  larger  Main  Bay.  As  well,  the  more  persistent  trends  in  conductivity  appear  to  lag  by  about  a 
year  behind  those  of  Secondary  Bay. 

It  is  likely  that  the  movement  of  relatively  dilute  waters  from  Secondary  Bay  has  some  effect  on 
the  salinity  of  Main  Bay.  There  is  little  information  available  on  water  movement  between 
bays2,  although  water  quality  data  does  provide  some  evidence  that  mass  loading  from  diversion 
waters  is  reflected  in  the  chemistry  of  Main  Bay.  Given  that  the  main  inflows  are  to  Secondary 
Bay,  there  would  have  to  be  some  net  annual  movement  of  water  from  there  to  Main  Bay. 

In  the  historical  data,  there  is  a significant  inverse  relationship  between  water  level  and  salinity 
in  Buffalo  Lake,  with  an  apparent  increase  in  conductivity  concurrent  with  declining  lake  levels 
through  the  seventies  and  eighties  (Figure  2).  This  probably  reflects  evaporative  concentration 
of  dissolved  solids.  Conductivity  remained  high,  corresponding  with  low  (though  stable)  lake 


2 Previous  studies  have  suggested  that  wind-induced  mixing  between  basins  does  occur,  and  that  water  entering 
Parlby  Bay  can  move  into  Main  Bay  within  about  a month  (Norecol  Env.  Cons.,  1984). 
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Table  3 Average  concentrations  of  major  ions  and  related  variables  for  the  Red  Deer  River  and  Alix  Lake  diversion  during  the 
diversion  period  (June  through  October)  1996-2002 
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Table  4 Average  concentrations  of  major  ions  and  related  variables  for  Alix  Lake  and  Buffalo  Lake,  June-October  1995  to  2002 

Number  of  samples  = 3 to  6 for  each  area  per  year.  Units  are  mg/L  except  where  indicated  otherwise. 
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levels  from  1989  through  1995,  and  decreased  as  lake  levels  generally  rose  through  2000. 
Enhanced  inflow  of  fresher  water,  due  to  the  diversion  and  high  runoff,  likely  suppressed  the 
salinity  increase  to  some  extent  in  these  years.  During  2001  and  2002,  conductivity  increased 
again  as  lake  levels  dropped. 

Over  the  long  term,  or  at  least  since  the  high-water  years  of  1974  -75,  the  salinity  of  the  lake  has 
generally  increased.  This  will  likely  continue  until  such  time  as  the  water  level  becomes  high 
enough  for  discharge  to  occur  at  the  outlet.  The  conservative  major  ions  of  the  lake’s  inflowing 
waters  have  no  way  to  leave  the  lake  and  are  likely  to  remain,  subject  to  solubility  constraints 
(e.g.,  precipitation  of  marl  (CaC03)).  Loss  to  groundwater  is  unlikely,  because  the  static  head  of 
aquifers  is  higher  than  the  lake  elevation  (Crompton  1984).  Previous  work  has  suggested  that  the 
diversion  may  not  reduce  salinity  in  Buffalo  Lake,  though  may  moderate  the  rate  at  which 
salinity  increases  (Mitchell,  1999;  Crompton  1984). 

As  noted  above,  an  inverse  relationship  exists  between  conductivity  and  lake  levels.  However, 
for  a given  lake  level,  conductivity  is  higher  during  post-diversion  years  (1996-2002)  than  in  the 
pre-diversion  years  from  1983  to  1995  (Figure  5)3.  This  could  reflect  the  fact  that  in  pre- 
diversion years,  water  inflows  were  generally  more  dilute  as  a result  of  there  being  a greater 
proportion  of  snow  melt  in  the  inflows.  The  high  snow  pack  years  of  the  early  to  mid  1970’s 
may  have  been  a factor  in  this.  In  the  diversion  period,  Red  Deer  River  water,  with  a higher  TDS 
than  snow  melt,  is  specifically  added  to  the  lake  to  make  up  for  the  lower  amounts  of  natural 
runoff.  Further,  there  may  have  been  some  flushing  of  salts  from  the  diversion  system  in  its 
initial  years  of  operation. 

The  calculated  mass  of  major  constituents  in  each  basin  of  Buffalo  Lake  for  the  post-diversion 
years  is  presented  in  Appendix  B.  These  mass  loads  are  based  on  September  data  for  each  year, 
after  the  bulk  of  the  diversion  water  has  entered  the  lake.  The  relative  mass  of  some  substances 
has  fluctuated  significantly  from  year  to  year,  likely  owing  to  variable  runoff  and  input  loads,  to 
mixing  processes  within  and  among  basins,  and  to  changing  chemical  equilibria.  In  addition, 
uncertainty  in  lake  volume  estimates  and  measurement  error  in  concentration  values  may  also 
influence  mass  estimates.  Notwithstanding  such  uncertainty,  significant  inter-annual  variability 
in  constituent  mass  corresponds  with  changes  in  lake  level,  itself  influenced  by  total  inflow  to  the 
lake.  For  example,  the  peak  inflow  volumes  in  1999  - 2000  correspond  with  increased  masses  of 
Na,  SO4,  Cl,  Mg,  and  other  ions.  In  1999  (year  of  the  largest  post-diversion  inflow  volume),  a 
substantial  increase  in  constituent  mass  was  apparent  in  Parlby  Bay;  however,  a corresponding 
increase  was  not  evident  in  Secondary  or  Main  Bay  until  2000.  This  delay  in  mass  loading  may 
reflect  the  longer  time  required  for  mixing  to  occur  through  the  volume  of  the  main  lake. 

The  actual  mass  of  most  constituents  in  the  lake  has  not  shown  a progressive  decline  through 
post-diversion  years,  as  might  be  expected.  One  factor  contributing  to  this  is  constituent  loading 
via  the  diversion.  Although  the  inflow  water  is  generally  dilute  relative  to  lake  waters,  the 
diversion  represents  a net  increase  in  mass  loading  to  Buffalo  Lake,  as  suggested  in  Figure  5. 


3 Significant  @ 99%  confidence,  based  on  Wilcoxon  Rank-Sum  Test  (median  difference  approximately  170  uS/cm). 
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Mean  Monthly  Conductivity  (pS/cm 


Mean  Monthly  Lake  Level  (m) 

Figure  5 Conductivity  (Main  Bay)  vs.  Lake  Level  in  Buffalo  Lake,  1983  to  2002 


Table  B2  (Appendix  B)  shows  the  change  in  constituent  mass  for  the  lake  basins  in  fall 
(September),  relative  to  spring  (June).  Using  TDS  as  an  example,  Parlby  Bay  received  an  annual 
average  of  about  3.3  million  (M)  kg  of  TDS  from  Parlby  Creek  in  May  - October  from  1997  to 
2002.  However,  the  September  TDS  mass  in  the  Bay  remained  at  an  average  of  about  0.1  Mkg, 
indicating  that  approximately  3 M kg  of  TDS  may  pass  to  Secondary  Bay  each  year,  though 
certain  substances  such  as  calcium  may  precipitate  out  to  the  bottom  sediments,  thereby  reducing 
the  TDS  mass. 

Based  on  primary  chemical  characteristics,  such  as  ambient  pH  and  alkalinity  in  Secondary  and 
Main  Basins,  some  Ca  precipitation  is  likely  to  occur  (Stumm  and  Morgan,  1981).  Also,  the 
relatively  high  Na  concentrations  may  influence  Ca  concentration,  due  to  the  well-known 
common  ion  effect  (e.g.,  the  presence  of  excess  NaHCCb  would  decrease  the  concentration  of 
Ca2f  in  equilibrium  with  calcite;  Stumm  and  Morgan,  1981).  Calcium  removal/precipitation  in 
Buffalo  Lake  is  apparent  in  Ca  concentrations,  which  are  typically  2 to  3 times  lower  in 
Secondary  Bay,  and  about  5 times  lower  in  Main  Bay  compared  to  Parlby  Creek.  In  addition,  the 
net  change  in  the  whole-lake  Ca  mass  during  the  diversion  period  of  1997  to  2002  was  generally 
negative,  with  the  exception  of  2000.  Interestingly,  2000  experienced  the  lowest  September  pH, 
and  followed  the  year  with  the  highest  post-diversion  total  inflow.  Overall,  most  of  the  total 
diversion  Ca  load  was  lost  through  summers  of  the  post-diversion  years  (diversion  Ca  load 
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compared  with  summer  lake  change;  Table  B3,  Appendix  B).  Moreover,  the  relative  mass  of  Ca 
transported  via  the  diversion  was  higher  than  for  other  major  ions.  The  average  annual  Ca  mass 
diverted  at  the  pump  house  was  about  one-third  of  the  September  Main  Bay  mass,  and  near 
100%  of  the  September  Secondary  Bay  mass.  In  addition,  the  entire  the  Ca  load  at  Mirror  can  be 
accounted  for  by  the  mass  delivered  via  the  diversion  (i.e.,  through  the  pump  house). 

There  was  also  a net  summer  loss  from  the  lake  of  other  major  ions,  such  as  Mg  and  HCO3, 
which  is  substantially  greater  than  the  mass  delivered  via  the  diversion.  For  the  post-diversion 
years  from  1997  to  2002,  the  diversion  load  of  these  ions  constituted  a very  minor  fraction 
(relative  to  Ca)  of  their  September  Main  and  Secondary  Bay  masses,  at  about  1%  each.  In  these 
years,  a total  net  summer  loss  of  HCO3  from  the  lake  (~50  Mkg)  was  balanced,  in  part,  by  a 
corresponding  increase  in  CO32'  (-40  Mkg),  suggesting  a shift  in  inorganic  carbon  equilibrium 
through  the  summer.  Summer  increases  in  lake  pH,  which  have  often  exceeded  values  of  9, 
would  account  to  some  degree  for  a shift  in  ambient  carbonate  species.  However,  an  increase  in 
mean  annual  lake  pH  was  not  apparent,  and  alkalinity  has  remained  relatively  constant  in  post- 
diversion years.  Nonetheless,  a steady  decrease  in  September  HCO3  relative  to  alkalinity  was 
evident  in  post-diversion  years,  notably  in  Secondary  Bay  (Figure  Bl,  Appendix  B).  This 
decrease  was  not  as  apparent  in  Main  Bay,  and  additional  years  of  data  are  required  to  more 
clearly  identify  such  trends. 

Other  ions,  notably  Na,  SO4,  Cl,  and  K displayed  a net  summer  increase  in  post-diversion  years 
that  was  substantially  in  excess  of  the  diversion  load.  Alternate  sources  that  could  account  for 
this  increase  include  natural  runoff  and  groundwater.  Groundwater  inflow  to  the  lake  is 
significant,  and  has  been  estimated  at  approximately  the  volume  of  annual  surface  inflow  (Shaw 
and  Prepas,  1990).  Artesian  upwelling  occurs  at  the  west  end  of  the  lake,  along  the  north  shore 
of  Secondary  Bay,  and  in  Main  Bay  (e.g.,  Mitchell  and  Prepas,  1990).  Groundwater  influx  could 
be  accounted  for  to  some  degree  by  fluctuating  lake  levels,  as  apparent  for  example,  in 
substantial  changes  in  net  annual  Na  loading  during  the  years  of  large  lake  level  fluctuations 
(e.g.,  2000  to  2002).  Groundwater  influx  is  highly  variable,  depending  on  lake  level  and  annual 
precipitation  (Clare,  2004);  hence  the  input  of  major  ions  via  groundwater  will  vary  accordingly. 
However,  utilizing  the  bulk  estimate  (above)  for  groundwater  inflow  and  approximate  values  for 
groundwater  chemistry  (Clare,  2004),  the  groundwater  ion  load  for  post-diversion  years  was 
estimated  at  greater  than  90%  of  the  net  summer  lake  change  for  Na,  and  SO4,  and  at  50%  for  Cl. 
Note  that  these  are  very  rough  approximations,  and  much  additional  work  is  needed  to  integrate 
groundwater  chemistry  and  inflow  data  with  surface  water  data.  Regardless,  groundwater  influx 
could  account  for  a significant  fraction  of  the  major  ions  in  the  lake. 

Runoff  also  contributes  to  total  input  of  these  ions.  The  total  pump  house  load  (1997  through 
2002)  for  Na,  SO4,  and  Cl  was  about  45%,  75%,  and  55%,  respectively,  of  the  corresponding 
load  at  Mirror.  This  suggests  that  a significant  fraction  of  the  load  for  these  ions  could  be 
delivered  via  watershed  runoff.  For  1997  through  2002,  the  approximate  average  loads  of  Na, 
SO4,  and  Cl  through  Parlby  Creek  at  Mirror  were  about  5%,  20%,  and  30%,  respectively,  of  the 
net  summer  lake  change.  Similarly,  respective  overall  surface  water  contributions  of  these  ions 
were  estimated  at  about  10%,  25%  and  55%.  Therefore,  surface  water  may  contribute  a 
relatively  small  load  of  Na  to  the  lake,  compared  to  groundwater,  whereas  for  other  ions,  such  as 
Cl,  a more  substantial  fraction  of  the  annual  load  to  the  lake  comes  from  surface  runoff. 
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In  addition  to  net  transport  from  Parlby  Creek  input,  wind-induced  mixing  may  produce  some 
movement  between  bays  (Norecol  Env.  Cons,  1984).  Consequently,  circulation  and  movement 
of  water  between  basins  could  also  account  for  local  loss  and  gain  of  ions  and  other  constituents. 
TDS  concentrations  have  historically  been  lower  in  Secondary  Bay  than  in  Main  Bay,  suggesting 
that  mixing  between  the  major  bays  may  be  limited.  However,  there  was  a loss  of  TDS  from 
Main  Bay  over  the  summer  of  1999  (~1.5  Mkg),  which  may  partially  be  accounted  for  by  a 
concurrent  increase  in  Secondary  Bay  (-2.5  Mkg). 

Finally,  evaporative  water  loss  is  a major  process  influencing  the  mass  and  balance  of  major  ions 
in  the  lake.  Since  no  discharge  is  known  to  occur,  conservative  ions  entering  the  lake  will  likely 
remain  in  solution,  subject  to  solubility  constraints  (e.g.,  carbonate  precipitation).  Evaporation  is 
significant  in  the  annual  lake  water  balance  (e.g.,  for  1997,  evaporative  loss  was  estimated  at 
about  1.8  times  the  runoff  inflow  volume;  Douglas,  1998)  and  has  effectively  increased  the 
concentrations  of  dissolved  constituents  over  time.  In  most  natural  waters  undergoing 
evaporation,  calcite  (CaCCE)  is  the  first  mineral  to  precipitate.  Calcium  removal  is  apparent  in 
post-diversion  lake  data  as  a decrease  in  concentration  from  Parlby  Bay  to  Main  Bay  (see  above), 
and  as  a decrease  in  mass  load  relative  to  increases  in  the  mass  of  other  more  conservative  ions, 
such  as  sodium  (Figure  B2  (e),  Appendix  B).  These  processes  likely  account  for  the  fact  that 
although  most  inflows  to  Buffalo  Lake  are  of  moderate  TDS  concentration  with  Ca  and  HCO3  as 
principal  ions,  the  lake  itself  is  somewhat  saline  with  Na,  HCO3,  and  SO4  as  principal  ions. 

Given  the  carbonate  alkalinity  concentration  in  the  lake,  it  is  likely  that  calcium  precipitation  will 
continue,  and  lake  waters  will  increasingly  tend  towards  an  alkaline  carbonate  brine  (Eugster  and 
Hardie,  1978;  summary  in  Drever,  1988  ).  Along  this  path,  Mg  precipitation  (e.g.,  as  sepiolite 
and/or  carbonate)  constitutes  the  next  “chemical  divide”,  involving  Mg2+,  HCO3 , and  ^SiCE. 
Through  the  evaporative  process,  major  ions  such  as  Na+,  K+,  SO4  , and  CF  are  likely  to  become 
progressively  more  concentrated  (although  SO42’ concentration  may  be  subject  to  control  by 
gypsum  precipitation  and/or  sulphate  reduction).  Plots  of  sodium  vs.  other  major  ions  (Figure 
B2  (a  to  i),  Appendix  B)  illustrate  the  common  control  of  major  ions  in  Buffalo  Lake  by 
evaporation  (with  the  exception  of  Ca2+). 

3.3  Nutrients 

Phosphorus  and  nitrogen  are  primary  nutrients  governing  the  growth  of  algae  and  other  aquatic 
plants  in  most  lakes.  They  were  measured  in  all  samples  collected  during  Parlby  Creek-Buffalo 
Lake  water  quality  studies  from  1995  through  2002.  In  most  freshwater  lakes,  phosphorus 
concentration  provides  a good  indicator  of  water  quality,  because  phosphorus  is  typically  the 
nutrient  in  shortest  supply  relative  to  the  requirements  for  algal  growth.  If  an  abundant 
phosphorus  supply  exists,  substantial  growth  (i.e.,  mass)  of  algae  may  occur  in  the  lake,  resulting 
in  reduced  recreational  water  quality. 

Despite  relatively  high  phosphorus  concentrations,  nuisance  algal  growth  has  not  occurred  in 
Buffalo  Lake  in  the  past.  This  is  probably  due  to  relatively  high  lake  salinity,  which  may  act  to 
suppress  the  growth  of  salt-intolerant  algal  species  (Goudey  et  al.,  1990;  Bierhuizen  and  Prepas 
1985),  and  limit  the  bioavailability  of  phosphorus  (Waiser  and  Robarts,  1995)  and  iron  (Evans 
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and  Prepas,  1997).  Nitrogen  (as  nitrate  or  ammonia)  is  also  an  essential  nutrient,  but  in  Alberta 
lakes,  nitrogen  does  not  generally  control  the  size  of  the  algal  population. 

3.3. 1 Diversion  Route  and  Pari  by  Creek 

Average  nutrient  data  for  the  Red  Deer  River  and  sites  along  the  diversion  route  are  presented  in 
Table  5.  In  1997  and  1998,  phosphorus  concentrations  in  the  Red  Deer  River  diversion  were 
lower  than  in  Buffalo  Lake,  and  these  concentrations  declined  even  further  in  the  diversion 
channel  between  the  river  and  Alix  Lake.  Phosphorus  was  removed  from  the  water  in  the  early 
part  of  the  season  while  nitrogen,  primarily  organic  nitrogen,  was  added.  This  can  be  explained 
by  the  growth  of  aquatic  plants  along  this  section,  which  convert  inorganic  nitrogen  and 
phosphorus  to  organic  compounds.  By  the  end  of  the  pumping  season,  nutrient  concentrations  in 
river  water  and  at  Alix  Lake  Inflow  were  similar  (Mitchell,  1999). 

Data  collected  in  1997  and  1998  showed  that  Alix  Lake  water  quality  had  improved  considerably 
over  pre-diversion  years,  and  that  Alix  Lake  water  quality  was  similar  to  that  of  the  Red  Deer 
River.  Detailed  analysis  of  diversion  water  quality  can  be  found  in  a previous  report  (Mitchell, 
1999).  The  data  from  subsequent  years  (1999-2002)  show  no  obvious  trends  between  Red  Deer 
River  and  Alix  Lake  nutrient  values;  however,  nutrient  concentrations  in  Alix  Lake  have 
remained  relatively  constant  since  the  diversion  began  (Figure  B3;  Appendix  B).  As  noted 
above,  the  2002  sample  collected  from  Parlby  Creek  at  Mirror  (May  29;  Appendix  A)  reflects 
spring  water  quality  in  Parlby  Creek  during  the  commencement  of  pumping,  and  is  similar  to 
spring  water  quality  samples  collected  in  prior  years  at  that  site  (e.g.,  Mitchell,  1999).  These 
samples  typically  display  elevated  nutrient  concentrations  (influenced  by  run-off),  relative  to 
samples  collected  during  active  diversion  periods. 

The  estimated  mass  load  of  total  phosphorus  from  the  Red  Deer  River  at  the  pump  house  through 
the  summers  of  1 997  through  2002  was  less  than  or  equal  to  about  4%  of  the  total  phosphorus 
mass  in  Main  Bay  (Figure  6).  The  measured  annual  diversion  phosphorus  mass  was  generally 
similar  to  the  475  kg  used  by  Goudey  et  al.  (1990)  for  pre-project  impact  predictions  (Table  B3; 
Appendix  B).  Mitchell  (1999)  noted  that  the  mass  of  total  phosphorus  at  the  Mirror  site  on 
Parlby  Creek  for  1997  - 1998  was  only  slightly  higher  than  the  mass  in  the  river  diversion, 
although  natural  runoff  in  the  Parlby  Creek  watershed  was  estimated  to  have  contributed 
phosphorus  mass  equivalent  to  the  amount  in  the  diversion.  Still,  nutrient  loading  from  local 
runoff  is  apparent  as  higher  phosphorus  and  nitrogen  concentrations  at  Mirror  relative  to  Alix 
Lake  values.  Goudey  et  al.  (1990)  predicted  that  there  would  be  uptake  of  phosphorus  along  the 
diversion  route  (particularly  at  Spotted  Lake),  and  as  a result  not  all  of  the  diverted  mass  load 
would  reach  Buffalo  Lake.  This  was  notably  apparent  in  the  1998  data,  although  the  diversion 
does  represent  an  increased  phosphorus  load  to  Buffalo  Lake  compared  with  the  pre-diversion 
natural  load.  Data  is  not  available  at  the  Mirror  site  for  1999  through  2002.  Flowever,  data  for 
these  years  does  show  some  uptake/loss  of  total  phosphorus  through  the  diversion  from  the  pump 
house  site  to  the  Alix  Lake  (control  structure)  site  (Figure  6,  Table  B3;  Appendix  B).  Note  that 
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Table  5 Annual  average  concentrations  of  nutrients  and  bacteria  for  the  Red  Deer  River  and  Buffalo  Lake  Diversion  during  the 
diversion  period  (June  through  October)  1997-2002 
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Figure  6 Diversion  loads  of  total  phosphorus  to  Buffalo  Lake:  1997  - 2002 


the  pumped  TP  load  varies  considerably  (relative  to  volume),  due  to  changes  in  Red  Deer  River 
water  quality  that  are  influenced  by  point  sources  and  by  variable  runoff  loads  (e.g.,  wet  years  vs, 
dry  years).  Despite  this  variability,  phosphorus  loading  from  the  diversion  is  a relatively  minor 
portion  of  the  annual  total  phosphorus  load  to  Buffalo  Lake,  especially  in  years  of  high  natural 
inflow. 

3.3.2  Parlby  Bay 

Average  nutrient  concentrations  in  Buffalo  Lake  for  1997  through  2002  are  listed  in  Table  6. 
These  concentrations  have  not  changed  considerably  over  the  past  few  years,  though  there  are 
slight  differences  in  Parlby  and  Secondary  Bays.  Average  total  (TP)  and  dissolved  (TDP) 
phosphorus  concentrations  in  Parlby  Bay  decreased  subsequent  to  diversion  start-up,  as  might  be 
expected  with  the  increased  flushing  rate  resulting  from  the  diversion.  However,  TP  and  TDP 
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TP  Load  (%)  Relative  to  Sept.  Main  Bay  Mass 


Table  6 Annual  average  concentrations  of  nutrients  and  chlorophyll  a (mg/m3)  and  Secchi  depth  (m)  for  Buffalo  Lake,  June- 
October  1995  (pre-diversion),  through  2002 

Number  of  samples  = 3 to  6 for  each  area  per  year. 
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concentrations  increased  in  1999  - 2000,  coincident  with  substantially  increased  inflow  and 
phosphorus  mass  (Table  Bl,  B2;  Appendix  B). 

In  subsequent  years,  phosphorus  concentrations  and  mass  have  generally  declined.  As  well,  TP 
concentrations  declined  through  the  summer  season  in  1997,  1998,  2001,  and  2002,  although  a 
contrasting  summer  increase  occurred  during  1999  and  2000,  the  years  of  highest  local  runoff 
(Figure  B3;  Appendix  B).  Annual  trends  in  average  total  nitrogen  and  Kjeldahl  nitrogen  (TKN) 
concentrations  were  similar  to  phosphorus  data.  However,  ammonia  concentrations  were  low  in 
1999,  relative  to  other  years.  This  was  also  evident  in  ammonia  mass,  most  notably  in  spring 
values  (Appendix  B). 

3. 3. 3 Secondary  Bay 

The  average  total  phosphorus  concentration  in  Secondary  Bay  was  higher  in  the  initial  three 
diversion  years  than  was  observed  in  previous  years  sampled;  however,  subsequent  values  fell 
generally  within  the  historical  range  (Figure  7).  Although  the  concentrations  of  total  phosphorus 
(TP)  were  variable  from  year  to  year,  the  amount  of  TP  relative  to  dissolved  phosphorus  (TDP) 
remained  relatively  constant,  ranging  from  2.4  to  2.7  in  1999  to  2002  (Table  6).  September  TP 
mass  remained  relatively  constant  subsequent  to  1997,  with  a low  of  3800  kg  in  2002  (Table  Bl; 
Appendix  B). 

In  post-diversion  years,  TP  concentrations  generally  increased  in  Secondary  Bay  through  the 
summer  season  (Figure  B3;  Appendix  B).  This  increase  suggests  that  bottom  sediments  may  be 
an  intermittent  source  of  phosphorus  for  Secondary  Bay.  To  illustrate,  approximately  60%  of  the 
3300  kg  increase  in  phosphorus  mass  in  the  bay  from  June  to  September  1997  was  unaccounted 
for  by  estimated  watershed,  Parlby  Bay,  and  atmospheric  inputs.  This  internal  load  of 
phosphorus  was  likely  larger  to  some  degree,  as  a fraction  of  the  phosphorus  mass  would  have 
migrated  into  Main  Bay.  A rough  estimate  for  this  transport  is  1400  kg  for  the  June  to 
September  period,  indicating  an  internal  load  to  Secondary  Bay  of  about  3400  kg  (Table  B4; 
Appendix  B).  In  the  years  following  1997,  the  estimated  internal  load  for  June  to  September  was 
smaller,  ranging  from  near  zero  in  1999  to  about  2600  kg  in  2001.  This  may  explain,  in  part, 
why  phosphorus  concentrations  in  Secondary  Bay  have  generally  been  lower  following  1997. 
However,  the  nature  of  phosphorus  movement  between  basins  is  not  well  known. 

As  noted  above,  phosphorus  concentrations  fluctuated  somewhat  from  1999  through  2002, 
although  have  remained  at  historic  (pre-diversion)  levels  (Figure  7).  Additional  years  of 
sampling  will  be  needed  to  determine  whether  present  phosphorus  concentrations  in  Secondary 
Bay  represent  a new  balance  with  respect  to  inputs,  and  to  what  degree  inflows  and  nutrient 
transport  affect  phosphorus  concentrations. 

The  average  total  nitrogen  concentration  in  Secondary  Bay  was  higher  in  1997  than  in 
subsequent  years,  which  ranged  from  1640  mg/m3  in  1999  to  21 10  mg/m3  in  1998.  Values  for 
the  last  three  years  (2000  - 2002)  fall  within  a relatively  narrow  range,  from  1730  to  2030  mg/m3 
(Table  6).  Inorganic  nitrogen  concentrations  have  remained  variable  in  the  post-diversion  years, 
though  increased  somewhat  over  the  last  three  years. 


Parlby  Creek  - Buffalo  Lake  Water  Management  Project.  Water  Quality  Update:  1999-2002 


25 


Note:  Arrow  indicates  diversion  start-up 


Figure  7 Average  open-water  Secchi  depth  and  concentrations  of  chlorophyll  a and  total 
phosphorus  in  Buffalo  Lake,  May-September 
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3.3.4  Main  Bay 

As  with  Secondary  Bay,  the  average  total  phosphorus  concentration  in  Main  Bay  was  higher  in 
the  initial  three  diversion  years  than  in  subsequent  years  sampled.  However,  annual  differences 
in  average  phosphorus  and  nitrogen  concentrations  through  all  post-diversion  years  fell  within 
the  historical  range  (Table  6).  A comparison  of  average  phosphorus  concentrations  for  the 
diversion  years  with  those  from  previous  years  sampled  also  suggests  no  overall  change 
(Figure  7). 


In  general,  concentrations  of  total  phosphorus  increased  through  the  summer  in  most  years 
(Figure  B3,  Appendix  B),  but  declined  over  the  summer  of  1998  and  remained  relatively 
constant  through  the  2002  season.  This  increase  in  summer  phosphorus  cannot  be  explained 
solely  by  inputs  from  the  watershed,  Secondary  Bay  and  atmospheric  deposition,  although 
summer  P release  from  sediments  is  common  in  many  Alberta  lakes.  To  illustrate,  amount  of 
phosphorus  mass  in  Main  Bay  during  1997  increased  by  7300  kg  between  June  and  the  end  of 
September  (Table  B2,  Appendix  B).  External  inputs  amounted  to  about  3800  kg,  of  which  about 
1400  kg  was  estimated  to  come  from  Secondary  Bay  (assuming  that  water  moved  into  Main  Bay 
from  Secondary  Bay  at  rate  equal  to  Parlby  Creek  at  Mirror).  The  3500  kg  that  remains 
unaccounted  for  may  have  come  from  the  lake  bottom.  This  internal  load  would  include 
phosphorus  contributed  by  groundwater  and  sewage,  although  the  latter  is  probably  minimal. 
Summer  (June  to  Sept.)  internal  loading  was  also  evident  in  2001  (2050  kg).  However,  this  was 
not  apparent  in  1998,  1999,  2000,  and  2002,  suggesting  that  internal  phosphorus  loading  occurs 
intermittently4.  Eventually,  internal  loading  may  reach  a new  steady  state,  as  occurred  in 
sediment  experiments  conducted  on  Eagle  Lake  near  Calgary  (Environmental  Management 
Associates  1991). 

September  mass  loads  of  phosphorus  and  nitrogen  for  1996  through  2002  are  presented  in 
Table  B1  (Appendix  B).  In  general,  annual  differences  in  phosphorus  mass  within  each  major 
basin  in  the  post-diversion  years  are  fairly  minor,  despite  the  suggestion  of  trends  by 
concentration  data.  Interestingly,  during  2002  in  Main  Bay,  when  annual  precipitation  was  at 
long-term  low  relative  to  previous  years  (Figure  2),  total  phosphorus  was  lower  and  ammonia 
mass  was  higher  than  in  the  preceding  years  1995  - 2001. 

In  all  three  basins,  the  mass  of  nitrite+nitrate  nitrogen  (NO2+NO3)  declined  dramatically  in  1998, 
and  generally  remained  lower  in  subsequent  years,  increasing  to  near- 1996  values  in  2002.  In 
Main  Bay,  a substantial  increase  in  mass  was  apparent  in  1999.  Total  Kjeldahl  nitrogen 
displayed  similar  trends.  Overall  trends  were  not  evident  for  ammonia-nitrogen  (NH3)  mass 
though  NH3  displayed  some  similar  changes  to  those  of  other  nitrogen  species,  such  as  a post- 
1997  decline  in  Secondary  Bay. 

3. 3. 5 Buffalo  Lake  Phosphorus  Budget 

Apparent  changes  in  total  phosphorus  mass  within  each  lake  basin  are  probably  influenced  by  a 
number  of  factors,  such  as  inflow  and  flushing  rates  through  Parlby  and  Secondary  Bays,  driven 


4 Note  that  internal  load  components  represent  rough  estimates  that  are  calculated  by  difference.  Hence,  depending 
on  the  calculated  estimates  for  other  components,  internal  loads  can  appear  to  be  negative. 
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by  spring  and  summer  runoff  volumes.  This  may  explain,  for  example,  the  lower  phosphorus 
mass  in  Secondary  and  Main  Bay  in  2002  relative  to  previous  years,  and  the  increase  in  Parlby 
Bay  phosphorus  in  1999.  Also,  other  processes  within  the  lake,  such  as  advection  and  nutrient 
cycling,  may  produce  some  delay  or  attenuation  of  changes  in  concentration  or  mass  due  to 
nutrient  loading. 

With  the  above  factors  in  mind,  a theoretical  phosphorus  “budget”  for  Buffalo  Lake  is  presented 
in  Appendix  B (Table  B4;  Figure  B5  (a  & b)).  Note  that  the  estimates  for  net  internal  load 
represent  very  rough  calculations,  though  do  provide  an  indication  of  the  potential  difference  in 
phosphorus  loading  that  can  occur  from  year  to  year.  It  is  likely  that  some  variability  in  loading 
calculations  is  due  to  uncertainty  in  mass  calculations  (e.g.,  measurement  error,  uncertainty  in 
annual  watershed  inputs,  sample  timing  and  frequency,  etc.),  and  to  variable  loading  from 
groundwater  flux.  As  noted  in  Section  3.2.2,  fluctuating  lake  levels  could  influence  groundwater 
influx. 

Nutrient  loads  from  the  diversion  did  not  seem  to  significantly  influence  nutrient  concentrations 
in  Main  Bay.  Overall,  the  average  annual  TP  mass  from  the  river  diversion  was  less  than  3%  of 
the  estimated  TP  mass  in  Main  Bay,  and  the  diversion  contributed  a minor  portion  (an  average  of 
about  4%)  of  the  TP  load  to  Buffalo  Lake  in  a given  year.  Moreover,  water  from  the  diversion 
(mixed  with  natural  runoff)  passes  first  through  Parlby  and  Secondary  bays  before  entering  Main 
Bay.  Hence,  constituent  concentrations  are  attenuated  by  dilution,  uptake,  and  loss.  For 
example,  from  1997  to  2002,  the  average  estimated  phosphorus  loading  from  Secondary  Bay  to 
Main  Bay  (assuming  the  same  flow  rate  as  the  diversion)  was  about  1200  kg  during  June  - 
September.  This  contribution  increased  the  total  phosphorus  concentration  in  Main  Bay  by  about 
5 mg/m3,  an  amount  within  measurement  error  and  natural  variation  in  the  bay. 

The  average  amount  of  phosphorus  contributed  by  the  watershed  overshadows  the  diversion 
contribution,  and  is  about  60%  of  the  total  load.  There  is  significant  variability  in  this  estimate, 
which  is  highest  in  years  of  high  annual  inflow  (i.e.,  wet  years).  As  expected,  total  annual 
watershed  TP  load  is  strongly  correlated  with  total  annual  inflow  (r“  = 0.9). 

Internal  loading  estimates  are  also  important,  though  quite  variable,  being  substantial  in  some 
years  and  negative  (i.e.,  representing  a net  loss  of  phosphorus)  in  others.  Relative  to  total  annual 
TP  input,  the  largest  estimated  internal  load  in  the  years  following  1997  occurred  in  2001,  the 
year  of  lowest  annual  inflow.  Similarly,  the  lowest  relative  internal  load  was  apparent  in  1999, 
the  year  of  highest  annual  inflow. 

3.4  Chlorophyll  a 

Chlorophyll  a (chi  a)  is  a photosynthetic  pigment  in  algal  cells,  and  provides  an  estimate  of  the 
amount  of  suspended  algae  (biomass)  in  the  lake  at  the  time  of  sampling.  Along  with 
phosphorus  levels,  chi  a concentration  indicates  the  productivity  (amount  of  algal  growth)  or 
trophic  status  of  a lake  and  is  good  indicator  of  recreational  water  quality. 

In  post-diversion  years,  Alix  Lake  has  been  completely  flushed  by  diversion  water  that  is 
relatively  low  in  nutrients.  Consequently,  the  average  amount  of  chi  a in  lake  water  has  also 
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decreased  (see  text  box  below).  Concentrations  of  chi  a have  remained  at  moderate  levels 
through  the  summer  seasons  (Figure  B4;  Appendix  B).  Thus,  in  terms  of  the  amount  of 
suspended  algae  in  the  water,  the  diversion  has  had  a positive  effect  on  the  recreational  water 
quality  of  Alix  Lake. 


Average  Concentrations  of  Chlorophyll  a in  Alix  Lake,  May-October, 
1992-2002  (mg/m3) 

1992 

16.1 

- Eutrophic  (high  productivity;  8-25) 

1996 

7.8 

— 

1997 

4.0 

1998 

5.9 

1999 

6.2 

- Meso-eutrophic  (moderate  productivity;  2.5-8) 

2000 

4.5 

2001 

8.0 

2002 

4.2 

As  in  Alix  Lake,  Parlby  Bay  is  also  flushed  through  the  open  water  season  with  water  containing 
relatively  low  levels  of  nutrients.  Consequently,  mean  annual  chi  a concentrations  in  Parlby  Bay 
have  declined  (Table  6)  with  the  exception  of  1999  - 2000,  when  higher  concentrations  were 
apparent,  coincident  with  increased  phosphorus  concentrations.  Chi  a levels  declined  through 
the  summer  in  1997  and  1998  as  phosphorus  concentrations  decreased,  and  increased  with 
summer  phosphorus  levels  in  1999  and  2000.  Chi  a increased  through  the  summer  in  2001  and 
2002,  in  contrast  with  minor  decreases  in  phosphorus  (Figure  B3;  Appendix  B).  The  average 
chi  a concentration  in  post-diversion  years  places  Parlby  Bay  in  the  mesotrophic  category,  (2.5  - 
8 mg/m3),  with  the  exception  of  1999  and  2000;  in  these  years  the  bay  was  eutrophic  (8  - 
25  mg/m3).  This  rating  is  based  on  phytoplanktonic  chi  a,  which  does  not  consider  macrophyte 
populations  in  the  bay. 

For  Secondary  Bay,  annual  average  post-diversion  chi  a concentrations  fell  within  the  historical 
range  (Figure  7).  Median  annual  average  chi  a in  the  years  from  1999  through  2002  was  not 
significantly  higher  than  the  corresponding  value  for  pre-diversion  years  from  1983  through 
1995  (Wilcoxon  Mann- Whitney  Test).  However,  annual  chi  a values  displayed  a steady  decline 
from  1997  through  2002.  September  chi  a measurements  were  higher  in  the  initial  post- 
diversion years  (1996  and  1997,  and  to  some  extent  1998)  than  in  previous  years  (Figure  8). 

This  may  be  a result  of  internal  phosphorus  loading  to  the  bay,  or  could  be  related  to  the 
decreased  salinity  and  higher  TP  concentrations  measured  during  1996  and  1997.  Earlier  studies 
predicted  that  Secondary  Bay  would  have  higher  algal  biomass  under  project  conditions  (Alberta 
Environment  1984;  Goudey  et  al.,  1990).  However,  chi  a concentrations  declined  in  the  years 
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Figure  8 Historic  September  concentrations  of  chlorophyll  a and  total  phosphorus  in 
Secondary  and  Main  Bays 
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following  1998,  possibly  due  to  a general  decrease  in  phosphorus  within  the  bay  (concurrent 
with  reduced  watershed  runoff),  or  to  a general  increase  in  salinity  following  1 999. 

Observed  changes  in  chi  a cannot  be  explained  solely  by  changes  in  salinity.  Post-diversion 
increases  in  salinity  have  not  typically  produced  a concomitant  decrease  in  chi  a levels  in 
Secondary  Bay  (e.g.,  1998,  2001).  Historically,  there  is  no  consistent  relationship  between 
conductivity  (a  measure  of  salinity)  and  chi  a concentrations  in  the  bay.  Overall,  algal  growth 
(as  chi  a)  appears  to  respond  more  to  phosphorus  concentration  than  to  salinity,  as  Noton  (1984) 
suggested.  To  illustrate,  September  data  from  Secondary  Bay  for  1983  to  2003  show  a 
significant  relationship  between  chi  a and  total  phosphorus  (r2  = 0.8);  however,  no  such 
relationship  is  evident  with  conductivity. 

In  Main  Bay,  post-diversion  values  fell  generally  within  the  historic  range  (Figure  7).  The 
median  annual  chi  a in  the  years  from  1 999  through  2002  was  not  significantly  different  than  the 
corresponding  value  for  pre-diversion  years  from  1983  through  1995,  and  no  clear  trend  was 
evident  in  post-diversion  annual  chi  a values.  September  chi  a concentrations  were  high  in  1996 
and  1 997  relative  to  previous  years,  although  in  later  years  were  also  generally  in  the  historic 
range.  Note  that  the  2001  value  is  anomalously  high  and  may  represent  a measurement  artefact 
(Figure  8). 

As  noted  by  Mitchell  (1999),  peak  chlorophyll  a concentrations  in  Main  Bay  have  historically 
occurred  in  August  most  years,  whereas  in  1997  and  1998,  the  chi  a peak  appeared  in  September. 
In  these  years,  phosphorus  concentrations  also  appeared  to  peak  somewhat  later  in  the  summer. 
Mitchell  hypothesized  that  the  diversion  inflow  may  have  enhanced  the  movement  of  phosphorus 
from  Secondary  Bay  into  Main  Bay,  where  formerly  there  was  very  little  inflow  to  Main  Bay 
during  the  latter  part  of  the  summer.  This  may  have  allowed  algal  populations  to  persist  later 
into  the  summer. 

Data  from  subsequent  years  suggest  that  the  chi  a peak  in  Main  Bay  occurred  in  August  during 
1999  and  2000,  and  in  September  during  2001  and  2002  (Figure  B4,  Appendix  B).  This  was 
similar  to  the  timing  of  peak  phosphorus  concentrations,  although  no  summer  maximum  is 
apparent  in  the  2002  phosphorus  data.  The  early  (August)  peaks  in  1999  and  2000  chi  a may  be 
due  to  the  high  natural  inflows  that  occurred  in  those  years,  compared  with  diversion  inflows 
(Figure  3).  Hence,  in  years  of  low  watershed  inflow  relative  to  diversion  flow,  recent  data 
supports  the  concept  of  enhanced  late  summer  movement  of  phosphorus  into  Main  Bay  due  to 
diversion  inflow.  Nonetheless,  other  natural  influences,  such  as  seasonal  weather  patterns,  may 
also  influence  the  timing  of  seasonal  algal  abundance. 

3.5  Dissolved  Oxygen 

Buffalo  Lake  is  well  mixed  during  the  summer,  and  during  this  time  dissolved  oxygen 
concentrations  typically  remain  high.  In  winter,  dissolved  oxygen  can  decrease  dramatically, 
particularly  in  shallow  areas  and  in  bottom  waters  of  the  main  lake.  For  example,  in  March  of 
1997,  near-zero  dissolved  oxygen  (DO)  concentrations  were  measured  in  Parlby  Bay  and 
Secondary  Bay,  while  concentrations  in  Main  Bay  bottom  waters  were  <2  mg/L  (this  is  typical  of 
historic  data  from  other  winters).  Historically,  near- anoxic  conditions  occurred  during  some 
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winters  in  Secondary  Bay,  but  in  others,  DO  levels  have  remained  high  (e.g.,  2000).  There  are 
insufficient  historical  data  for  Alix  Lake  and  Parlby  Bay  to  assess  past  conditions,  but  it  is  likely 
that  these  shallow  water  bodies  become  anoxic  in  winter  as  well.  In  Main  Bay,  DO  levels  are 
generally  sufficient  to  allow  fish  survival  in  the  top  three  or  four  metres  (2  to  6 mg/L). 
Temperature  and  dissolved  oxygen  profiles  for  Main  Bay  during  2000  are  shown  in  Figure  9. 
Assessment  of  lake  profile  data  for  other  years  shows  no  consistent  inter-annual  trends;  e.g., 
between  pre-  and  post-diversion  years. 
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igure  9 Temperature  and  dissolved  oxygen  profiles  from  Buffalo  Lake,  Main  Bay,  2000 


4.0 


CONCLUSIONS 


Although  comparative  pre-diversion  data  are  limited,  it  appears  the  diversion  has  had 
a positive  effect  on  recreational  water  quality  of  Alix  Lake.  Data  collected  in  1992 
indicate  that  the  lake  was  eutrophic,  yet  in  post-diversion  years  the  lake  has  generally 
remained  mesotrophic,  and  water  quality  of  the  lake  closely  resembles  that  of  Red 
Deer  River  water.  Some  uptake  and  loss  of  nutrients  (e.g.,  phosphorus)  does  occur 
through  the  diversion  route  to  Alix  Lake,  as  well  as  the  addition  of  major  ions  such  as 
Na,  SO4,  and  Cl.  Provided  that  water  quality  in  the  Red  Deer  River  is  maintained,  the 
diversion  is  a benefit  to  Alix  Lake.  However,  if  nutrient  levels  should  gradually 
increase  in  the  Red  Deer  River,  users  of  Alix  Lake  might  perceive  deterioration  in  its 
water  quality.  This  may  be  especially  so  with  the  rapid  flushing  the  lake  would 
receive  under  a full  pumping  program. 

The  salinity  of  Buffalo  Lake  has  generally  increased  over  the  long  term,  and  for  a 
given  lake  level,  conductivity  is  higher  post-diversion  than  in  pre-diversion  years. 

This  suggests  that  the  mass  load  of  major  ions  in  the  lake  has  increased  since  the 
diversion  has  been  operational,  though  post-diversion  conductivity  in  both  bays  is 
within  the  historical  range.  General  trends  in  conductivity  are  similar  between  Main 
and  Secondary  Bays,  although  Secondary  Bay  displays  more  variability.  Annual 
differences  are  attenuated  in  Main  Bay,  as  would  be  expected  with  the  small  inflow 
volume  relative  to  the  volume  of  the  bay.  Hence,  in  any  given  year,  lake  level  and 
inflow  volume  probably  exert  a greater  influence  on  salinity  in  Secondary  Bay  than  in 
the  larger  Main  Bay. 

Diversion  water  is  generally  dilute  relative  to  lake  waters,  yet  provides  an  overall 
increase  in  ion  mass  loading  to  Buffalo  Lake.  Groundwater  influx  may  play  a 
significant  role  here  (e.g.,  sodium  input),  and  further  evaluation  of  groundwater 
chemistry  and  influx  estimates  would  aid  in  determining  the  specific  nature  of 
groundwater  influence  on  lake  chemistry 

Evaporation  is  a significant  process  and  has  the  net  effect  of  increasing  the 
concentrations  of  dissolved  constituents  over  time.  Under  current  conditions  with  no 
significant  discharge  from  the  lake,  it  is  likely  that  the  concentrations  of  major  ions 
will  increase,  producing  a continuing  trend  towards  higher  salinity. 

Average  total  phosphorus  concentrations  in  Secondary  and  Main  Bay  were  higher  in 
the  initial  diversion  years  than  in  previous  years  sampled.  Subsequent  values  fell 
generally  within  the  historical  range,  as  did  chi  a values,  though  mean  annual  chi  a 
displayed  a steady  decline  in  Secondary  Bay  from  1997  through  2002.  Post-diversion 
increases  in  salinity  have  not  typically  produced  a concomitant  decrease  in  chi  a 
concentrations  Overall,  algal  growth  (as  chi  a)  appears  to  respond  more  to 
phosphorus  concentration  than  to  salinity. 

Nutrient  loading  from  the  diversion  has  not  measurably  affected  water  quality  in 
Main  Bay.  Because  the  diversion  inflow  volume  was  apparently  small  compared 
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with  the  volume  in  the  lake,  it  contributed  only  a minor  portion  of  the  TP  load  to 
Buffalo  Lake.  The  amount  of  phosphorus  contributed  by  the  watershed  and  internal 
loading  constitutes  the  majority  of  the  phosphorus  input  to  the  lake,  and  overshadows 
the  diversion  contribution. 

Given  the  variability  in  theoretical  phosphorus  loads  to  Buffalo  Lake  and  the  relative 
imprecision  in  these  estimates,  detailed  areal  estimates  of  phosphorus  mass 
transported  via  surface  runoff,  along  with  further  evaluation  of  groundwater 
chemistry  and  influx  would  aid  in  evaluating  more  precisely  the  primary  phosphorus 
sources  to  the  lake.  Also,  additional  data  should  be  collected  from  diversion  sites, 
including  Parlby  at  Creek  at  Mirror,  to  more  clearly  identify  diversion  impacts 
relative  to  natural  variation  influenced  by  climatic  differences  from  year  to  year. 
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Figure  B1.  Annual  Mass  Ratios  of  Major  Ions  in  Buffalo  Lake. 
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Figure  B2.  Scatterplots  of  Ion  Concentrations  (g/m3)  in  Buffalo  Lake:  1996  - 2002. 


Figure  B3.  Total  phosphorus  concentrations  in  Alix  Lake  and  Buffalo  Lake:  1997  - 2002. 
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Figure  B3.  Total  phosphorus  concentrations  in  Alix  Lake  and  Buffalo  Lake:  1997  - 2002  (cont'd.) 


Figure  B4.  Chlorophyll  a concentrations  in  Alix  Lake  and  Buffalo  Lake:  1997  - 2002. 


Figure  B4.  Chlorophyll  a concentrations  in  Alix  Lake  and  Buffalo  Lake:  1997  - 2002  (cont'd.) 


Figure  B5.  Relative  annual  total  phosphorus  loads  to  Buffalo  Lake:  1997  - 2002. 
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Figure  B5.  Average  relative  total  phosphorus  loads  to  Buffalo  Lake:  1997  - 2002. 
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